1.. Background {#s1}
==============

Prokaryotes and Eukaryotes regulate their cellular mechanism in response to the environmental changes using 'Two-Component Signal (TCS)' machinery ([@R6]). TCS regulatory systems were earlier found in Eubacteria ([@R18]) and are considered as sophisticated signaling systems marked by a highly modular design that has been adapted and integrated into wide variety of cellular signaling targets ([@R55]). In plants, the signaling cascade generally consists of three protein elements; a sensory Histidine Kinase (HK), a Histidine-containing Phosphotransfer (HPt) protein, and a Response Regulator (RR). Upon sensing the environmental stimulus, HK is autophosphorylated at the conserved His residue. The phosphoryl group is transferred to a conserved Asp residue in RR, which modulates its activity. The phosphoryl group is further passed on to a His residue of the phosphotransfer protein (HPt) and an Asp residue of the receiver domain of RR, resulting in a signal output by interaction with target proteins or specific DNA motifs ([@R46]; [@R55]). In *Arabidopsis,* His kinase proteins play a crucial role in ethylene and cytokinin signal transduction ([@R21]; [@R33]). More complex phosphorelay systems include hybrid sensor kinases (Hybrid HK) which also contain phosphoaspartate RD. These hybrid-type HKs contain multiple phosphodonor and phosphoreceptor sites, thus providing advantage of having multiple regulatory checkpoints for signal cross talk and negative regulation by certain phosphatases ([@R59]).

Analysis of hybrid-type HKs show the presence of three distinct domains namely, CHASE signaling domain, transmitter domain (TD) and RR domain (also known as RD). Abbreviated CHASE domain is known as cyclases/HKs associated sensory extracellular domain because of its presence in diverse receptor-like proteins with HK and nucleotide cyclase domains. CHASE domain has been characterized as an extracellular domain, found in transmembrane receptors from bacteria, lower eukaryotes, and plants. The domain always occurs N-terminally in extracellular or periplasmic locations, followed by an intracellular tail housing diverse enzymatic signaling domains such as HK, adenyl cyclase, etc.

The TD of hybrid HKs consists of a set of characteristic sequence motifs, labeled as H, N, G1, F, and G2 boxes ([@R41]). The TD consists of two distinct functional domains: an N-terminal dimerization-histidine phosphotransfer (DHp) domain and a C-terminal catalytic-ATP-binding (CA) domain. The N-terminal domain contains the autophosphorylation site and assists in formation of stable dimer and can also be phosphorylated in presence of ATP by the CA domain ([@R55]).

RRs are characterized by their possession of RD ([@R48]). The most common function of RRs is the regulation of gene expression. Some of the RRs exist as fusion proteins with a RD and an output domain, but some others have only a RD similar to CheY, a RR for chemotaxis in *Escherichia coli* ([@R5]). Genome-wide analysis of RRs and related proteins in *Arabidopsis thaliana* shows the existence of 32 genes encoding putative RRs and related proteins that are not fused to HK ([@R21]); [@R22]). In contrast, a total of 32 genes that code for 44 putative RR proteins have been reported in *Oryza sativa* ([@R40]). The majority of these RRs have two main domains: a conserved N-terminal regulatory domain and a variable C-terminal effector domain. The RRs can be classified into two subtypes, type-A and type-B, based on their structures ([@R43]). In *A. thaliana,* some of the type-A RRs have been characterized as negative feedback regulators of cytokinin signaling ([@R28]; [@R57]).

HPt domains are ∼120 amino acids in length and contain a His residue which is capable of participating in phosphoryl transfer reactions ([@R55]). HPt domains are known to serve dual purpose, as a phosphoreceiver and phosphodonor, in order to shuttle phosphoryl groups between two or more RR domains ([@R23]; [@R56]). In a generalized phosphorelay system, HPts act as phosphodonor to RD of RRs, although receivers are themselves capable of catalyzing autophosphorylation with phosphor-His as substrates ([@R36]).

In order to have an overview of the protein--protein interactions, several attempts have been made over the years to co-crystallize the phosphorelay partners. However, due to transient nature of these interactions and the chemical lability of the phosphotidinyl and phosphor-aspartyl linkages, these attempts have not been able to shed light on the structural aspect of these interactions. However, X-ray structure analysis of YPD1 and SLN1 RR (SLN1-R1) complex has been performed which highlights the structural details of HPt protein and RR complexes ([@R63]). In another attempt, crystal structure of ArcB HPt domain and CheY RR complex in *E. coli* has clarified the molecular recognition of RR by the HPt domain at an atomic level ([@R27]).

Previously, the interaction of a sensory HK protein functioning as a putative 'osmosensor' in *Arabidopsis* (AtHK1) with a histidine phosphotransfer protein has been analyzed ([@R59]). In rice, a sensory HK protein namely OsHK3b has been observed to show interaction with OsHPt2 protein by yeast complementation assays (our unpublished results). Also, OsHK3b has been reported to interact with OsHPt2 protein based on predicted rice interactome network database ([@R17]). With the availability of sequences of various HKs and HPts and the structure of various functional domains of these TCS members in plants (especially *O. sativa* and *A. thaliana*), it would be highly desirable to get an insight into the structural aspects of the various domains of these interacting proteins involved in the signal transmission across the membrane from the sensing domain to the kinase core. In the present study, we have analyzed the structures of various functional domains of related Histidine Kinases (sensory HKs) protein from rice and *Arabidopsis.* Further, considering the important roles played by interaction of RD in HK protein with phosphotransfer (HPt) protein in phosphorelay mechanism, we have made an attempt to present the structural features of protein--protein interaction.

2.. Methodology {#s2}
===============

2.1.. Identification of conserved domains and secondary structure {#s3}
-----------------------------------------------------------------

The sequences of OsHK3b (Os01g69920.2) (UniProt Accession: Q5JJP1) and OsHPt2 (Os08g44350.1) (Uni-Prot Accession: Q6VAK3) from TIGR rice database (ver. 7.0) and sequences of AtHK1 (At2g17820.1) (UniProt Accession: Q9SXL4) and AtHPt1 (At3g29350.1) (UniProt Accession: Q9ZNV8) in *Arabidopsis* (TAIR ver. 10) were used for modeling and analysis of various functional domains and their interactions. The conserved domains of the sequences were identified from Pfam ([@R12]). The conserved domain searched against CDD ([@R34]) also supported the Pfam results. The secondary structures of the domains and the protein were predicted using JNET prediction software ([@R7]), PREDATOR ([@R14]), STRIDE ([@R13]), and PSIPRED ([@R24]). The fold recognition analyses were performed using FUGUE ([@R51]), GenTHREADER ([@R25]). The architectural motifs and the topology of proteins with known three-dimensional (3D) structure were analyzed according to SCOP ([@R38]) and CATH ([@R15]) classification.

2.2.. Homology modeling of HK and HPt proteins {#s4}
----------------------------------------------

The 3D structure of all the domains of HK and HPt proteins in rice and *Arabidopsis* was modeled in a stepwise procedure, starting with the identification of template structures. The identified templates were obtained from PDB and aligned using structure alignment software STAMP ([@R45]). This alignment was used as a profile for aligning the target sequence using ClustalX ([@R31]) for modeling various domains. The alignment was subjected to manual adjustments for the conserved structural motifs. For modeling various domains of HK and HPt proteins, automated comparative protein-modeling program Modeller (ver 9.10) ([@R11]) was used to generate a 100 allatom model.

2.3.. Validation of homology models of HK and HPt proteins {#s5}
----------------------------------------------------------

The best model was chosen on the basis of the stereochemistry quality report generated using PROCHECK ([@R32]) and side chains of the modeled protein were optimized using SCWRL 4 ([@R29]). G-factor score is considered as a parameter for obtaining the quality of the modeled domain, and was obtained using PROCHECK. G-factor is essentially a log odds score based on the observed distribution of stereochemical parameters such as main chain bond angles, bond length, and phi-psi torsion angles. The bond distances and dihedral angle restraints on the target sequences were derived from its alignment with the template three-dimensional structures. The spatial restraints and the energy minimization steps were performed within Modeler using the CHARMM22 force field for proper stereochemistry of proteins. Since the domain sequence used for the alignment and modeling was found to have well-conserved structural motifs and regions, and functional information was also available, the problem of low-sequence identity has been resolved, i.e. a multiple sequence alignment obtained from the known sequences can provide a reasonable approach to comparative structure modeling. Earlier, attempts have been made to model the protein sequence having low identity with the template sequence ([@R52]). In order to verify the quality of the sequence alignment and optimize the position of gaps, corresponding positions from secondary structures were used. Further evaluation of the modeled domain and protein structures was done using the PROSA-web ([@R53]; [@R62]). Ramachandran plots were generated for domain and protein structures in order to determine deviations from normal bond lengths, dihedrals, and nonbonded atom--atom distances.

2.4.. Analysis of HK and HPt interaction {#s6}
----------------------------------------

The protein--protein interaction was analyzed using PatchDock software ([@R9]; [@R50]). PatchDock software uses the geometry-based molecular docking algorithm, which was used to find the docking transformations that yield good molecular shape complementarity ([@R9]; [@R50]). The docking was performed using default parameters. The best model for analysis of interaction was chosen on the basis of geometric shape complementarity score and minimum energy. Molecular visualization and analysis of the final model were carried out with VMD ([@R20]).

3.. Result {#s7}
==========

The sequences of OsHK3b (Os01g69920.2) and OsHPt2 (Os08g44350.1) from TIGR rice database (ver. 7.0) and sequences of AtHK1 (At2g17820.1) and AtHPt1 (At3g29350.1) from *Arabidopsis* (TAIR ver. 10) were used for modeling and analysis of various functional domains and their interactions. The sequence of OsHK3b was observed to contain three functionally conserved domains. The first signature domain is CHASE signaling domain (sensory domain), second is the TD which acts as ATP-binding domain, and third is the RD which binds to the HPt protein. Earlier, CHASE domain has been reported in AtHK1 protein ([@R16]) in addition to other two well-defined domains i.e. TD and RD. However, in our analysis of AtHK1 protein sequence using Pfam database, we could not establish CHASE domain. Instead, this analysis showed only a long stretch of 498 amino acids towards the N-terminus without any functional domain. Also, due to the absence of template structures, we were not able to model the interdomain regions.

3.1.. Modeling of sensory/CHASE domain in AtHK1 and OsHK3b protein {#s8}
------------------------------------------------------------------

In order to model the sensory domain structure of AtHK1 (216 amino acid) and CHASE domain in OsHK3b protein (227 amino acid), BLAST searches were performed against the PDB for proteins with similar sequence and known 3D structures. The BLAST results revealed template structure of *Arabidopsis* HK 4-sensor domain (3T4J.pdb) as a suitable template for modeling CHASE domain in OsHK3b protein. The target CHASE domain sequence of OsHK3b showed 53% identity with 3T4J, template structure. The template structures possess sensor kinase like secondary structure folds. The BLAST results were unable to capture any possible template for modeling AtHK1 sensory domain sequence. Hence, the AtHK1 sensory domain sequence was modeled using threading approach using CPHmodels server ([@R39]) and EsyPred3D ([@R30]), while CHASE domain of OsHK3b was modeled using comparative modeling approach (see Method) (Supplementary [Figure 1](#F1){ref-type="fig"}). The results obtained from CPH webserver and EsyPred3d consensually identified 3C8C.pdb (crystal structure of Mcp_N and cache domains of methyl-accepting chemotaxis protein from *Vibrio cholera*) as possible template for modeling the AtHK1 sensory domain sequence. The Ramachandran plot analysis showed that the modeled AtHK1 CHASE domain has 92.9% residues found in most favorable regions with the remaining 6.6% of residues occurring in generously allowed regions, while 0.5% residues were found in disallowed region. While in OsHK3b, CHASE domain has 98.5% residues in most favorable regions with the remaining 0.5% of residues occurring in generously allowed regions, 1.0% of the residues were found in disallowed region (Supplemental [Figure 2(A) and (B)](#F2){ref-type="fig"}). The PROCHECK result summary showed 29 out of 212 residues labeled in CHASE domain structure of AtHK1, while in CHASE domain of OsHK3b, 10 out of 225 residues were found to be labeled. The torsion angles of the side chain designated by χ1--χ2 plots showed 3 labeled residues out of 121 in AtHK1 CHASE domain, while in OsHK3b CHASE domain, 3 out of 133 residues were found labeled. The G-factor score of the AtHK1 CHASE domain was found to be −0.35 for dihedral bonds, −0.55 for covalent bonds, and −0.41 overall, while the OsHK3b CHASE domain model was observed to be −0.04 for dihedral bonds, −0.31 for covalent bonds, and −0.13 overall. The distribution of the main chain bond lengths and bond angles were 96.9% and 86.7% within limits for the modeled AtHK1 CHASE domain. On the other hand, for OsHK3b CHASE domain, main chain bond lengths and bond angles were found to be 98.4 and 91.6% within the limit. The PROSA-web energy plots for CHASE domains of AtHK1 and OsHK3b protein showed *z*-score for pair, surface and combined energy which was found to be −5.93 and −5.69, respectively (Supplementary [Figure 3(A) and (B)](#F3){ref-type="fig"}).

![Secondary structure topology of CHASE domain of AtHK1 showing 11 β-sheets and 8 α-helices structures (A) and OsHK3b (B) showing 14 β-sheets and 8 α-helices.](tbsd32_1318_f1){#F1}

![Cartoon view diagram of the secondary structure of CHASE domain of AtHK1 showing the arrangement of 11 β-sheets and 8 α-helices structures (A) and OsHK3b showing 14 β-sheets and 8 α-helices (B). The highlighted residues were found conserved in various sensory domains. The residues are numbered according to their respective position in the complete sequence of AtHK1 and OsHK3b.](tbsd32_1318_f2){#F2}

![Secondary structure topology of TD domain of showing presence of 7 β-sheets and 7 α-helices in AtHK1 (A) and 5 β-sheets and 7 α-helices in OsHK3b (B).](tbsd32_1318_f3){#F3}

3.2.. Comparative modeling of TD in AtHK1 and OsHK3b {#s9}
----------------------------------------------------

In order to model the TD structure of AtHK1 and OsHK3b proteins, BLAST searches were performed against the PDB for proteins with similar sequence and known 3D structures using the length of TD domain in AtHK1 -- 264 amino acid and length of TD domain in OsHK3b -- 280 amino acid. The search identified structures from *Thermotoga meritima* such as 2C2A.pdb (cytoplasmic portion of HK protein), 3DGE.pdb (HK-RR complex), and 3A0R.pdb (HK, ThkA in complex with RR, TrrA, ADP bound chain A); and 3D36.pdb (HK, KinB) from *Geobacillus stearothermophilus* (ADP bound) as possible templates for modeling both the domains using the threading approach (see Method) (Supplementary [Figure 4(A) and (B)](#F4){ref-type="fig"}). The target sequence of TD in AtHK1 showed 32, 38, and 35% identity with 2C2A, 3DGE, and 3D36, respectively, while TD in OsHK3b showed 31, 34, and 30% identity with 3A0R, 2C2A, and 3D36, respectively. The Ramachandran plot for the modeled TD of AtHK1 showed 96.6% residues in most favorable regions with the remaining 2.5% of residues occurring in generously allowed regions while 0.8% residues were found in disallowed region (Supplemental [Figure 5(A) and (B)](#F5){ref-type="fig"}). The modeled TD in OsHK3b showed 96.7% residues in most favorable regions with the remaining 2.1% of residues occurring in generously allowed regions, while only 1.2% residues were found in disallowed region. The PROCHECK result summary showed 14 out of 260 residues labeled in TD of AtHK1 while in OsHK3b TD, 20 out of 276 residues were found to be labeled. The torsion angles of the side chain designated by χ1--χ2 plots showed only 5 labeled residues out of 165 in AtHK1 TD while in OsHK3b TD, 6 out of 155 were found labeled. The observed G-factor score of the modeled TD of AtHK1 was found to be −0.11 for dihedral bonds, −0.38 for covalent bonds, and −0.21 overall. In OsHK3b, it was found to be −0.12 for dihedral bonds, −0.81 for covalent bonds, and −0.38 overall. The distribution of the main chain bond lengths and bond angles were 97.8 and 90.1%, within limits for the modeled TD of AtHK1, while for modeled OsHK3b TD, main chain bond lengths and bond angles were 95.7 and 88.7% within the limit. The PROSA-web energy plots for TD structures of AtHK1 and OsHK3b protein showed a *z*-score for pair, surface and combined energy which was found to be −4.3 and −5.56, respectively (Supplemental [Figure 6(A) and (B)](#F6){ref-type="fig"}).

![Cartoon view diagram of the secondary structure of TD domain showing the arrangement of 7 β-sheets and 7 α-helices in AtHK1 (A) and of 5 β-sheets and 7 α-helices in OsHK3b (B) with ADP and Mg along with the marked residues which were observed to form hydrogen bond with ADP. The residues are numbered according to their respective position in the complete sequence of AtHK1 and OsHK3b.](tbsd32_1318_f4){#F4}

![Secondary structure topology of RD showing the presence of 5 β-sheets and 6 α-helices in both AtHK1 (A) and OsHK3b (B).](tbsd32_1318_f5){#F5}

![Cartoon view diagram of the secondary structure of RD showing the presence of 5 β-sheets and 6 α-helices arrangements in both AtHK1 (A) and OsHK3b (B) showing conserved residues. The residues are numbered according to their respective position in the complete sequence of AtHK1 and OsHK3b.](tbsd32_1318_f6){#F6}

3.3.. Comparative modeling of RD in AtHK1 and OsHK3b {#s10}
----------------------------------------------------

To create a model of RD of AtHK1 and OsHK3b protein, searches were made against PDB database using BLAST for proteins with similar sequence and known 3D structures using the 162 amino acid and 132 amino acid domain sequences, respectively. The search resulted in identification of structures of RR in *Arabidopsis* (3MM4.pdb, RD of HK, CKI1 and 3MMN.pdb, RD of HK, CKI1 with Mg^2+^), and *Saccharomyces cerevisiae* (1OXB.pdb, YPD1 and SLN1 complex), as possible templates for modeling RD of AtHK1 and OsHK3b protein (Supplementary [Figure 7(A) and (B)](#F7){ref-type="fig"}). The target sequence of RD in AtHK1 showed 32, 32, and 30% identity with template structures 3MM4, 3MMN, and 1OXB, respectively, while the target sequence of RD in OsHK3b showed 37, 37, and 34% identity with the template structures 3MM4, 3MMN, and 1OXB, respectively. Ramachandran plot for the modeled RD structure of AtHK1 showed 97.3% residues in allowed region, 1.4% in generously allowed region, and only 1.4% in disallowed region, while the modeled RD of OsHK3b showed 96.5% residues in allowed region, 2.6% in generously allowed regions, and only 0.9% in disallowed region (Supplemental [Figure 8(A) and (B)](#F8){ref-type="fig"}). The PROCHECK result summary showed 7 out of 160 residues labeled in RD for AtHK1, while for that of OsHK3b, 8 residues out of 130 were labeled. The torsion angles of the side chain designated by χ1--χ2 plots showed 3 labeled residues out of 92 in RD for AtHK1, it was found to be 2 out of 82 residues in case of RD structure of OsHK3b. The G-factor scores of the model were −0.03 for dihedral bonds, −0.34 for covalent bonds, and −0.14 overall in RD structure in AtHK1, while in the model of RD in OsHK3b, the observed G-factor scores were 0.06 for dihedral bonds, −0.29 for covalent bonds, and −0.07 overall. The distribution of the main chain bond lengths and bond angles were 98.9 and 90.9% within limits for RD in AtHK1 and 98.5 and 90.8% within the limit for RD model of OsHK3b. The PROSA-web energy plots for RD of AtHK1 and OsHK3b showed a z-score for pair, surface and combined energy was found to be −3.97 and −4.42, respectively (Supplemental [Figure 9(A) and (B)](#F9){ref-type="fig"}).

![Secondary structure topology of HPt protein showing the presence of 7 α-helices in *Arabidopsis* (AtHPt1) (A) and 6 α-helices in *O. sativa* (OsHPt2) (B).](tbsd32_1318_f7){#F7}

![Cartoon view diagrams of the secondary structure arrangements of 7 α-helices in *Arabidopsis* (AtHPt1) (A) and 6 helices in *O. sativa* (OsHPt2) (B) with the conserved His residue. The residues are numbered according to their respective position in the complete sequence of AtHPt1 and OsHPt2.](tbsd32_1318_f8){#F8}

![Cartoon view diagram of the docking of RD with HPt protein in *Arabidopsis* (A) and *O. sativa* (B) showing residues which plays role in protein--protein interactions. The residues are numbered according to their respective position in the complete sequence of AtHK1, OsHK3b, AtHPt1, and OsHPt2.](tbsd32_1318_f9){#F9}

3.4.. Comparative modeling of AtHPt1 and OsHPt2 protein {#s11}
-------------------------------------------------------

In order to model AtHPt1 and OsHPt2 proteins, BLAST searches were made against PDB for proteins with similar sequence and known 3D structures using the 156 amino acid and 147 amino acid sequences, respectively. The search resulted in identification of structures of phosphotransfer protein in *Zea mays* (1WN0.pdb, Phosphotransfer protein, ZmHP2) and *O. sativa* (1YVI. pdb, Phosphotransfer protein, AK104879) as possible templates for modeling AtHPt1 and OsHPt2 proteins (Supplementary Figure 10(A) and (B)). The template structures (1YVI and 1WN0) showed 43 and 45% identity with AtHPt1 and 73 and 72% identity with OsHPt2 protein. The Ramachandran plot analysis for the modeled AtHPt1 had 100% residues in allowed region, while in OsHPt2, 99.3% residues were found in allowed region and 0.7% were found in generously allowed region (Supplementary Figure 11(A) and (B)). The PROCHECK result summary showed none of the residue as labeled in both the modeled proteins. The torsion angles of the side chain designated by χ1**--**χ2 plots showed only 2 labeled residues out of 154 in AtHPt1, while in OsHPt2, 1 out of 145 residues were found to be in labeled region. The observed G-factor scores of the model were 0.22 for dihedral bonds, −0.07 for covalent bonds, and 0.11 overall in AtHPt1 protein structure, while in OsHPt2, observed G-factor scores of the model were 0.40 for dihedral bonds, −0.05 for covalent bonds, and 0.23 overall. The distribution of the main chain bond lengths and bond angles were 99.4 and 95.1% within limits for model of both AtHPt1, while for OsHPt2 protein structure, the main chain bond lengths and bond angles were 99.7 and 95.4% within the limit. The PROSA-web energy plots for AtHPt1 and OsHPt2 protein show a *z*-score for pair, surface and combined energy, which was found to be −6.81 and −6.02, respectively (Supplement Figure 12(A) and (B)).

4.. Discussion {#s12}
==============

The absence of suitable template structure of the interdomain regions has forced us to analyze only the functional domains of the orthologous HK proteins from *Arabidopsis* and rice. However, details provided in the paper may assist future studies targeting the generation of a single plausible structure of the putative osmosensor proteins from two genera.

4.1.. Analysis of CHASE domain AtHK1 and OsHK3b proteins {#s13}
--------------------------------------------------------

Based on sequence conservation, various types of CHASE domains (CHASE1 to CHASE6) have been reported ([@R1]). Till date, only one bacterial CHASE domain-containing HK i.e. VsrA has been analyzed with respect to its biological function. It is a CHASE3 domain-containing HK, which is required for the expression of virulence factors in *Pseudomonas solanacearum* ([@R49]). Based on analysis of various signaling domains, it was hypothesized that sensing domains may have diverged during evolution but still possess the same folds ([@R2]). This may be due to the fact that protein--ligand interaction is carried out by a small number of closely related receptors, which are diverse in sequence due to the nature of ligands they bind ([@R66]).

The AtHK1 sensory domain secondary structure consists of 11 β-sheets and 8 α-helices structures, while the secondary structure of OsHK3b CHASE domain consists of 14 β-sheets and 8 α-helices ([Figure 1(A) and (B)](#F1){ref-type="fig"}). The sensory/CHASE domain structures of both AtHK1 and OsHK3b had α + β fold, with two extended helices on both boundaries and two central helices separated by sheets ([Figure 2(A) and (B)](#F2){ref-type="fig"}). CHASE domains were reported to bind to diverse low molecular weight ligands, such as cytokinin-like adenine derivatives or peptides, and mediate signal transduction through the respective receptors ([@R66]). Earlier analysis of CHASE domain in CRE1a protein had shown the position of conserved Thr278 within the sensing domain ([@R66]). Alignment of AtHK1 and OsHK3b with CRE1a protein showed the presence of conserved Thr288 and Thr132, respectively. The mutation of this conserved residue leads to the loss of the function which is hypothesized to play a major role in ligand interaction or the formation of entry to the binding pocket ([@R66]). Recently, crystal structure of AtHK4 cytokinin receptor has been resolved using X-ray crystallography, which has shed light on the molecular basis of recognition of natural and synthetic cytokinins ([@R19]). Other residues which might play an important role in the sensing activity such as Val197, Ser208, Gly317, Val325, Leu328, and Leu332 in AtHK1 and Val78, Ser90, Gly157, Val165, Leu168, and Leu172 in OsHK3b were also found conserved within the sensing domain ([Figure 2(A) and (B)](#F2){ref-type="fig"}).

4.2.. Analysis of TD structure of AtHK1 and OsHK3b protein {#s14}
----------------------------------------------------------

The EnvZ TD structure showed a mixed α/β sandwich fold made from five β-strands and three α-helices ([@R58]). Analysis of TD of AtHK1 showed presence of seven β-sheets and seven α-helices in the modeled structure, while TD of OsHK3b showed the presence of five β-sheets and seven α-helices ([Figure 3(A) and (B)](#F3){ref-type="fig"}). The kinase domain in both TDs was found structurally related to the ATP-binding domains of the GHL ATPase family (GyraseB, Hsp90 and MutL) and hence, these ATPase form the GHKL superfamily ([@R10]). The TD structure in *Thermotoga maritima* shows long α-helices at the N-terminal region with a kink due to presence of proline residue in the structural motif ([@R35]). In TD of AtHK1 and OsHK3b, proline residue (Pro606 in AtHK1 TD and Pro388 in OsHK3b TD) was conserved in the secondary structure of the domain.

Analysis of ADP binding to the TD of AtHK1 and OsHK3b showed various hydrogen bond interactions with the active site residues ([Tables 1](#T1){ref-type="table"} and [2](#T2){ref-type="table"}) ([Figure 4(A) and (B)](#F4){ref-type="fig"}). The conserved Thr725, Gly728 of TD in AtHK1 and Thr520, and Gly523 of TD in OsHK3b were observed to form hydrogen bond interaction. Analysis showed hydrogen bond interaction between conserved Leu726 and Leu524 residues of TD in both AtHK1 and OsHK3b. Sequence analysis of TD showed that the conserved Val492 in OsHK3b has been replaced with the Cys697 in TD of AtHK1. Analysis of binding in TD with ADP revealed that β5 and β6 contributes to the interaction with ADP in AtHK1 while in OsHK3b, α4, α5, and β5 contributes to the interaction with ADP ([Figure 4(A) and (B)](#F4){ref-type="fig"}). The interaction of ADP with conserved Asn626 was observed in TD of AtHK1 as well as OsHK3b (Asn408). Analysis of Hsp90--ADP complex has shown that the Asn (residue 347 in *E. coli* and 37 in Hsp90) binds to the ADP. In an earlier study, the ATP-dependent autokinase activity was lost when Asn347 was mutated to Asp in EnvZ mutant. However, in a similar mutation study in OmpR, autokinase activity was retained ([@R65]). Analysis of EnvZ NMR structures revealed the presence of Hsp90 and DNA gyrase B like folds responsible for the ATP binding. The motif G1 (DxGxGΦ) (694--699 in AtHK1 and 489--494 in OsHK3b) and G2 (GΦGΦ) (724--727 in AtHK1 and 521--524 in OsHK3b) were conserved in TD. These motifs were close to the ATP binding site, similar to Hsp90 and EnvZ structure. Previously identified N, G1, F, and G2 boxes were conserved in the TD of both AtHK1 and OsHK3b. Previous mutagenesis studies have also established that the glycine-rich regions, G1 and G2, are essential for kinase activity ([@R65]).

###### 

Hydrogen bonds between ADP and modeled TD of AtHK1. Hydrogen bond distances between the residues were calculated using HBPLUS.

  ADP   TD residues         Distance (Å)
  ----- ------------- ----- --------------
  O1A   Asn626        ND2   2.76
  N7    Glu691        OE1   3.10
  N6    Glu691        OE1   3.22
  O2′   Ala714        N     3.14
  O3′   Ala714        N     3.28
  O3B   Thr725        N     2.89
  O1B   Gly728        N     3.38
  O2A   Leu729        N     2.72

###### 

Hydrogen bonds between ADP and modeled TD of OsHK3b. Hydrogen bond distances between the residues were calculated using HBPLUS.

  ADP   TD residues         Distance (Å)
  ----- ------------- ----- --------------
  O1A   Asn408        ND2   2.91
  N6    Asp489        OD2   3.01
  O2′   Val509        N     3.19
  O3′   Val509        N     3.11
  O1B   Thr520        N     3.19
  O3B   Thr520        N     2.61
  O2A   Leu524        N     2.85

4.3.. Analysis of RD in AtHK1 and OsHK3b {#s15}
----------------------------------------

A comparison of the amino acid sequence of RD of both AtHK1 and OsHK3b with other experimentally resolved RDs structures using various structural approaches revealed more than 30 conserved amino acid residues. Analysis of RD of AtHK1 and OsHK3b protein showed five β-sheets and six α-helices ([Figure 5(A) and (B)](#F5){ref-type="fig"}). Earlier, analysis of crystal structure of RR from *Streptococcus pneumoniae* in both complex and native state has been performed ([@R4]). The active site of RD showed the presence of conserved Asp773 in OsHK3b and Asp1127 in AtHK1 as compared to template Asp52 in *S. pneumoniae.* The conserved Lys1181 in RD of AtHK1 and Lys844 in RD of OsHK3b play a major role in interaction with the phosphate group, like Lys109 in CheY, a bacterial chemotaxis protein. In the analysis of the structure of CheY, RR showed that the fold is a doubly wound, five-stranded parallel sheet with topology β2-β1-β3-β4-β5, which was observed in the structure of RD of AtHK1 and OsHK3b ([Figure 6(A) and (B)](#F6){ref-type="fig"}). Analysis of structure of RRs like NtrC ([@R61]), NarL ([@R3]), CheB ([@R8]), ETR1 ([@R37]), and Spo0A ([@R44]) in other organisms had shown similar secondary structural features. Analysis of experimentally determined structures revealed that the activated regulatory domains show conformational changes that primarily involve small repositioning of secondary structure elements that appear to be linked to the rearrangement of a specific set of side chains. These structural changes were found responsible for the protein--protein interaction ([@R42]).

4.4.. Analysis of HPt protein in Arabidopsis (AtHPt1) and *O. sativa* (OsHPt2) {#s16}
------------------------------------------------------------------------------

Earlier, the structures of P1 domain of *E. coli* CheA ([@R42]), HPt domain of *E. coli* ArcB ([@R26]), *Bacillus subtilis* Spo0B protein ([@R60]), and *S. cerevisiae* YPD1 protein ([@R64]; [@R54]) have been analyzed experimentally. X-ray structure of ArcB revealed the presence of six α-helices (A--F) with four helices forming a bundle in which conserved His717 was found located at helix-D. Analysis of HPts shows that they share a common four-helix bundle motif despite their overall lack of sequence similarity. Both AtHPt1 and OsHPt2 proteins showed striking similarity in their secondary structures. The detailed analysis of the structure of the AtHPt1 protein showed seven α-helices namely α1(3--23), α2(26--38), α3(42--68), α4(73--92), α5 (93--102), α6(103--110), and α7(111--146), while OsHPt2 protein also showed presence of six helices, namely α1 (1--21), α2(24--37), α3(39--66), α4(70--89), α5(90--107), and α6(108--142) ([Figure 7(A) and (B)](#F7){ref-type="fig"}). Topology analysis of AtHPt1 suggested that α5 and α6 are closely woven with slight break in the helix depicting a two-helix state rather than one, therefore, leading to the seven α-helices in AtHPt1. Similarly, four C-terminal helices form an antiparallel four-helix bundle in YPD1 ([@R54]; [@R64]), and the HPt domain of ArcB ([@R60]). Earlier reports have shown that the conserved histidine (His80) present in the center of helix D in *Z. mays* acts as a site for phosphorylation ([@R47]). The histidine residue was also found conserved in AtHPt1 (His82) and OsHPt2 (His79). Sequence similarity of specific residues surrounding the His residue has prompted postulation of structural and functional roles of the conserved residues ([@R44]). Despite the overall fold conservation, specific differences in helix length and orientation in each HPt domain provide structural features needed for individual functions ([Figure 8(A) and (B)](#F8){ref-type="fig"}). These structural variations likely result in modification of surface properties designed to promote proper intermolecular contacts ([@R55]).

Structure alignment of templates, AtHPt1 and OsHPt2 protein showed the existence of conserved residues near the active site region. In comparison to earlier resolved HPt protein structure such as YPD1 ([@R54]), the hydrophobic reverse turn between helix C and D was also conserved in AtHPt1 and OsHPt2 protein structures. The Asp67 and Asp73 in α3 were conserved in AtHPt1 and OsHPt2 and have been reported earlier to serve as a hydrogen bond acceptor in other resolved HPt proteins ([@R47]). The residues surrounding the active site were arranged in such a manner that it can stabilize the accessibility of His. In OsHPt2, Gly83 residue and Gly86 in AtHPt1 located four residues away from the active-site histidine residue is highly conserved among the known HPt proteins. The absence of a side-chain at this position provides more exposure of the active-site histidine residue and increases the solvent accessibility of the histidine residue ([@R54]). The structure of ArcB HPt domain possess kinks in the helix C and helix D of the four helix bundle because of the proline residue in the middle of one helix ([@R54]). Hence, the structure of the HPt domain had a concave surface surrounding the active-site histidine residue. Analysis of YPD1 structural domain revealed that this structural feature was not common to all the HPt structures ([@R54]). The structure of AtHPt1 and OsHPt2 proteins was also not observed to contain proline-induced kinks, but was found to maintain a flat molecular surface encompassing the active-site histidine residue.

4.5.. Binding analysis of AtHK1 with AtHPt1 and OsHK3b with OsHPt2 {#s17}
------------------------------------------------------------------

Earlier reports have established that the bacterial RR CheY acts as a phosphoryl donor to the yeast YPD1 protein ([@R54]). Docking studies performed earlier shows that there can be many possible conformations for the histidine residue (His64) of YPD1 to be a reasonable distance to the active-site aspartate residue of CheY (Asp57) ([@R60]). Analysis of binding site of the RD of AtHK1 protein and AtHPt1 protein showed residues in α4 and α5 of HPt protein to be involved in hydrogen bond interactions. Docking analysis of RD of AtHK1 and AtHPt1 protein revealed the hydrogen bond interaction of Leu50, Gln83, Asp54, Lys85, Lys104, Cys107, and Glu108 of AtHPt1 protein with Ser1114, Thr1113, Asn1089, Pro1093, and Glu1095 of AtHK1 protein, respectively. Analysis of the docking study of OsHK3b and OsHPt2 showed hydrogen bond interaction between Glu65, Cys58, Ser61, Arg62, and Asp75 residues of OsHPt2 protein with Pro805, Glu854, Cys808, and Val855 of OsHK3b protein ([Figure 9(A) and (B)](#F9){ref-type="fig"}) (Residues represented as observed in analysis). Docking analysis of modeled RD of OsHK3b and OsHPt2 protein showed nonbonded interaction between the active site His79 of OsHPt2 protein and Glu131 of the RD of the OsHK3b protein. In AtHPt1 and AtHK1 docking analysis, active-site residue Gln50 of RD of AtHK1 protein had an interaction with Cys107 of AtHPt1 protein. With the binding analysis, it can be postulated that the modeled complex between RD of AtHK1 with AtHPt1 protein and RD of OsHK3b with OsHPt2 protein suggests shape complementarity; hydrophobic interactions contribute to the interaction between the two proteins.

5.. Conclusion {#s18}
==============

Sequence analysis of OsHK3b using Pfam and CDD revealed the presence of three conserved domains namely CHASE, TD, and RD while AtHK1 revealed only two conserved domains namely TD and RD. The structural analysis of the functional domains of HK and phosphotransfer protein indicated the conserved nature of the proteins in both the genera ([Table 3](#T3){ref-type="table"}).

###### 

Comparative analysis of the secondary structure elements in AtHK1, OsHK3b, AtHPt1, and OsHPt2 proteins.

  Proteins   Domains   *Arabidopsis*   Rice       
  ---------- --------- --------------- ------ --- ----
  HK                   α               β      α   β
             CHASE     8               11     8   14
             TD        7               7      7   5
             RR        6               5      6   5
  HPt                  6               0      7   0

The analysis of secondary structure of AtHK1 sensing domain showed 11 β-sheets and 8 α-helices structure while OsHK3b CHASE domain showed the presence of 14 β-sheets and 8 α-helices. The predicted structure of the sensory/CHASE domain of both AtHK1 and OsHK3b showed the presence of α + β fold. Analysis of TD of both AtHK1 showed the presence of seven β-sheets and seven α-helices and OsHK3b showed the presence of five β-sheets and seven α-helices. Analysis of the modeled domain showed the presence of conserved residues, which plays an important role in ADP binding. The conserved signature boxes such as N, G1, F, and G2 were found conserved in the TD of both AtHK1 and OsHK3b. The vast number of crystal structures for ATP binding domains of His-Kinase-like proteins have aided in the identification of conserved and varied functional features at their active sites subsequent to phosphorylation. Hence, the modeled structures of TD of AtHK1 and OsHK3b protein will enhance the current understanding of the interaction of ADP with the conserved active site residues. Analysis of amino acid sequence of RD of both AtHK1 and OsHK3b showed five β-sheets and six α-helices. Analysis of the modeled domain revealed the conserved five-stranded parallel sheet with topology β2-β1-β3-β4-β5. The residues, which play crucial role in the interaction with phosphotransfer protein, were found conserved in RD of AtHK1 and OsHK3b protein. Analysis of HPt protein showed common four-helix bundle motif. Structure of AtHPt1 showed seven α-helices, while OsHPt2 protein showed six α-helices. In AtHPt1 and OsHPt2, histidine (His82 in AtHPt1 and His79 in OsHPt2) was conserved along with other secondary structure motifs.

In order to analyze the interaction of RD of AtHK1 with AtHPt1 and of OsHK3b with OsHPt2 docking analysis was performed. Docking study showed residues in α4 and α5 of HPt protein to be involved in hydrogen bond interactions in both AtHK1 and OsHK3b, hence playing major role in the interactions. It was observed that the shape complementarity and hydrophobic interactions play crucial role in interaction between the RD of AtHK1 *vs.* AtHPt1 protein and RD of OsHK3b vs. OsHPt2 protein.

The insights provided in the paper may assist in understanding the mechanism of signal transduction using phosphorylation in TCS. The modeled structures of functional domains may further assist in the study of complete structure of HK proteins using various other experimental techniques.
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